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Abstract
Sensitive changes in precipitation influence the stability of semiarid ecosystem, rain-fed agriculture, and
densely populated society in northern monsoonal China (NC). However, shortage of regional-scale
quantitative syntheses imposes restrictions on investigating long-term relationships among precipitation
dynamics, possible climatic forces, and prehistoric demographic fluctuations. Herein, we contribute a
regionally compiled anomaly record for Holocene annual mean precipitation (PANN) relative to its
modern-day values in NC. The Holocene PANN variations in NC may be essentially determined by
changing thermal gradients of continental land-ocean and west-east equatorial Pacific, profoundly
affecting strength and location of West Pacific Subtropical High that may principally modulate intensity of
East Asian summer monsoon and resultant rainfall in NC. Importantly, variation partitioning analysis
quantitatively demonstrates that the overall changes of precipitation (43.3%) may play a more important
role than temperature (3.2%) and their shared effects (0.8%) in independently accounting for long-term
variation of regional-scale Holocene population fluctuations in NC.
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Abstract

Sensitive changes in precipitation inﬂuence the stability of semiarid ecosystem, rain-fed
agriculture, and densely populated society in northern monsoonal China (NC). However, shortage of
regional-scale quantitative syntheses imposes restrictions on investigating long-term relationships among
precipitation dynamics, possible climatic forces, and prehistoric demographic ﬂuctuations. Herein, we
contribute a regionally compiled anomaly record for Holocene annual mean precipitation (PANN) relative to
its modern-day values in NC. The Holocene PANN variations in NC may be essentially determined by
changing thermal gradients of continental land-ocean and west-east equatorial Paciﬁc, profoundly affecting
strength and location of West Paciﬁc Subtropical High that may principally modulate intensity of East Asian
summer monsoon and resultant rainfall in NC. Importantly, variation partitioning analysis quantitatively
demonstrates that the overall changes of precipitation (43.3%) may play a more important role than
temperature (3.2%) and their shared effects (0.8%) in independently accounting for long-term variation of
regional-scale Holocene population ﬂuctuations in NC.

Plain Language Summary Quantitative inferences of regional-scale precipitation ﬂuctuations on
time spans longer than instrumental climatic records are requested to better predict long-term changes of
East Asian summer monsoon that inﬂuences the lives of nearly one fourth of the total population in our
world. Evaluating the possible role of large-scale climatic changes on affecting human population sizes of the
distant past is a pressing concern and remains contentious. In this study, for the ﬁrst time, we provide a
regionally synthesized record of Holocene precipitation anomalies relative to present-day values for the
monsoon-inﬂuenced northern China. This composite record has been demonstrated to be reliable as a
representative for reﬂecting broad-scale precipitation variations across northern China. In addition, we ﬁrst
quantify the relative contribution from both precipitation and temperature on inﬂuencing the Holocene
demographic changes in northern China. Our results suggest that precipitation may be more important
compared with temperature when independently explaining the total variation in long-term prehistoric
population patterns.
1. Introduction
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Since instrumental climatic data sets cover a few hundred years, quantitative inferences of paleoclimatic
parameters in space and time are required for validating climatic model outputs, assessing climatic
variability to different forcing mechanisms, and foreseeing future climatic changes (e.g., Braconnot
et al., 2012; Renssen et al., 2009). It is therefore increasingly signiﬁcant to aggregate quantitative paleoclimatic data sets on regional to continental scales for extracting spatially coherent information on past
variability of temperature and precipitation all over the world (e.g., Kaufman et al., 2004; Marcott et al.,
2013; Marsicek et al., 2018; Seppä et al., 2009). However, there has been a shortage of regional-scale
numerical precipitation anomaly of the Holocene relative to the present-day values for the monsoon-
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inﬂuenced region in northern China (NC), where diverse ecosystems, rain-fed farming, and densely
populated society are sensitive to variable water supply. So far, several previously synthesized
Holocene records with respect to moisture changes on varying spatial scales in NC are limited to qualitative or semiquantitative indexes (e.g., Ran & Feng, 2013; Tian et al., 2016; Wang et al., 2014).
Moreover, individual Holocene precipitation reconstructions in NC are restricted to speciﬁc sites representative for a small area (e.g., Jiang et al., 2006; Stebich et al., 2015; Xu et al., 2010). In addition, stalagmite δ18O records in China are often interpreted to reﬂect broad-scale monsoon precipitation
variations (e.g., Wang, Wu et al., 2008; Wang et al., 2001; Zhang et al., 2008). However, recent proxy
records and climate modeling results argued that most of the Holocene stalagmite δ18O sequences
from both northern and southern China may be a signal of atmospheric vapor source instead of monsoon precipitation (e.g., Caley et al., 2014; Chen et al., 2014; Liu et al., 2015). Taken together, it is clearly
necessary to obtain a regionally compiled precipitation record for NC during the Holocene and to properly evaluate the forcing mechanism.
Numerous modern observations, paleoclimatic syntheses, and modeling efforts point out that large-scale
precipitation changes in NC can be regarded as a direct and unequivocal indicator for the strength of East
Asian summer monsoon (EASM) compared to other regions in monsoonal China (e.g., Zhou et al., 2009,
2011; Ge et al., 2012; Liu et al., 2014, 2015; Chen, Xu, et al., 2015). The enhancement of EASM intensity is typically characterized by an increased annual rainfall in northern China but a lowered annual rainfall in southern
China (e.g., Ding, 1994; Liu et al., 2014; Wang, Cheng et al., 2008; Zhou et al., 2011). This out-of-phase pattern
with regard to northern China wet (dry) and southern China dry (wet) is known across a broad range of decadal, centennial, and millennial scales during the Holocene (e.g., Dallmeyer et al., 2013; Liu et al., 2015; Rao
et al., 2016; Wang, Cheng et al., 2008; Zhou et al., 2009). The rainfall belt across monsoonal China takes place
at the periphery area of southerly wind centers that are situated at the northwestern ﬂank of West Paciﬁc
Subtropical High (WPSH), which shifts northward (southward) associated with the stronger (weaker) EASM
circulation, ﬁnally resulting in an increased (reduced) precipitation in northern China but a reduced
(increased) precipitation in southern China (e.g., Liu et al., 2015; Rao et al., 2016; Zhao & Zhou, 2009; Zhou
et al., 2011). Consequently, a regional-scale record for annual precipitation in NC is imminently needed to
estimate the overall EASM intensity within the context of Holocene monsoon studies over the entire East
Asian continent.
Quantitative paleoclimatic data sets are also valuable for interpreting prehistoric population dynamics during
the Holocene (e.g., An et al., 2005; Hou et al., 2016; Li et al., 2017). It has been widely conﬁrmed that northern
China has a long history of rain-fed agricultural development and persistent human settlement (e.g., Barton
et al., 2009; Wang et al., 2015; Yu et al., 2012). Previous studies in different regions of NC have qualitatively
discussed the possible connections between climatic shifts and demographic ﬂuctuations in various aspects,
suggesting that warm or humid climatic conditions were favorable to population expansion, whereas
drought or cold intervals resulted in population decline (e.g., An et al., 2006; Pang & Huang, 2003; Yu et al.,
2012), but it is worth noting that these conclusions are not unanimously accepted and therefore are still
under debate (e.g., Buchanan et al., 2008; Li, An, et al., 2015; Shennan et al., 2013). However, until now, there
has no attempt to numerically disentangle the individual effects of precipitation and temperature as well as
their shared effects on independently accounting for the amount of variations in the increase and decline of
Holocene population (HP) size at a large-scale in NC.
Zonal vegetation distribution in northern China is especially susceptive to small-scale precipitation variations,
and it changes from humid and semihumid wooded forest to semiarid and arid grassland along a pronounced southeast-northwest precipitation gradient (e.g., Li, Xu, et al., 2015; Zhao et al., 2009). It has been
demonstrated that annual mean precipitation (PANN) is the most important and ecologically meaningful climatic variable affecting surface pollen distributions in NC (e.g., Cao et al., 2014; Li, Xu, et al., 2015; Luo et al.,
2010). During the last decade, fossil pollen assemblages have been employed as a reliable biological proxy for
quantitative Holocene PANN estimations in northern China (e.g., Jiang et al., 2006; Stebich et al., 2015; Xu
et al., 2010). Additionally, pollen data sets from lake deposits have been indicated to represent an overall
signal of regional climate and vegetation, due to a blended process of pollen dispersal, deposition, and
preservation within the entire catchments (e.g., Birks et al., 2010; Seppä et al., 2004; Xu et al., 2016). This makes
it possible to synthesize a set of pollen-based PANN reconstructions spanning the Holocene at a
subcontinental scale solely for northern China.
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Figure 1. (a) Averaged summertime ﬂux vectors (kg · m · s ) for water vapor transportation from surface to 300 hPa between June and August from the National
Centers for Environmental Prediction/National Center for Atmospheric Research reanalyzed data (Kalnay et al., 1996) for the interval of 1971–2000. Localities of
Holocene fossil sites shown as crosses from northern monsoonal China (see Table S1 for details). EASM, ISM, and Westerlies indicate eastern Asian summer monsoon,
Indian summer monsoon, and westerlies, respectively. (b) Annual mean precipitation (PANN) of China obtained from the Climate Research Unit (CRU) data set
(New et al., 2002). The green dashed line denotes the northern boundary of modern summer monsoon (Chen et al., 2008).

In the current study, we take advantage of pollen data to produce new PANN inferences and combine earlier
pollen-derived PANN series, so as to contribute a geographically coherent record for Holocene PANN anomaly, for the ﬁrst time, as a representative for the whole region of northern China. We then compare our PANN
record with existing regional-scale numerical Holocene temperature and population reconstructions in NC, in
order to quantitatively distinguish the independent role of precipitation and temperature in inﬂuencing the
long-term prehistoric demographic ﬂuctuations in northern China.

2. Data and Methods
2.1. Study Region and Data Quality Assessment
The northern section of monsoonal China considered in this study encompasses the North China Plain, northeastern China, central and eastern Inner Mongolia, Loess Plateau, and northeastern Tibetan Plateau
(Figure 1a). The study area spans a wide range of latitudes and longitudes, with elevations above sea level
ranging from lower than 600 m in the east to higher than 3,000 m in the west. In line with the continental
precipitation gradient (Figure 1b), modern vegetation zones vary southwestwardly from cold coniferous forest and warm temperate deciduous forest to semiarid steppe and high-cold alpine meadow (e.g., Hou, 2001;
Li, Xu, et al., 2015). Rainfall occurs mainly from June to August, and summer monsoon accounts for greater
than 80% of the total annual precipitation (e.g., Domrös & Peng, 1988).
Several high-resolution pollen records covering the Holocene have been published in different territories of
NC (e.g., Stebich et al., 2015; Sun & Feng, 2013; Xu et al., 2010). Here two pollen sites were utilized to obtain
new Holocene PANN records (Table S1 in the supporting information): Chasuqi record was taken from the
East Asia Quaternary Pollen Database (EAQPD) consisting of 271 fossil records that have been lately set up
by Cao et al. (2013); and Jingbo record was contributed by Chen, Shen, et al., 2015). Nineteen published
Holocene PANN sequences at nine fossil sites were obtained from the original publications (Table S1). The
reason to reconstruct PANN for NC is that it has been revealed to be the most important climatic parameter
for regional-scale pollen distribution and that it has been used as the most common climatic variable
reconstructed from fossil pollen data sets (e.g., Cao et al., 2014; Li, Xu, et al., 2015; Luo et al., 2010). To best
guarantee reliability of the regionally synthesized record in NC, all PANN sequences were critically selected
conforming to rigorous standards listed as follows: (i) solely from lake sediment cores, (ii) under the strong
inﬂuence of EASM, (iii) reliable chronology with a minimum of seven dates (except for Chasuqi with four
dates), (iv) high temporal resolution lower than 90-year between samples (except for Bayanchagan with a
130-year resolution), (v) continuous records covering the Holocene with no evident sedimentary hiatuses,
and (vi) relatively low human impact within a drainage basin of each lake (Table S1). These criteria have been
broadly employed for data scrutiny and site selection when reliably performing large-scale proxy-based
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Holocene climatic syntheses worldwide (e.g., Chen et al., 2008; Wanner et al., 2008; Zhao et al., 2009). To
obtain a consistent geochronology, all published chronological data sets from the sites were based on radiocarbon methods. Radiocarbon ages were transferred to calendar years before present (cal. yr BP) based on
the IntCal13 calibration database (Reimer et al., 2013). Age-depth models were taken from the original
publications or estimated with the CLAM package (Blaauw, 2010) in R (R Development Core Team, 2012).
2.2. Data Treatment
Weighted averaging-partial least squares (WA-PLS) regression and calibration model (ter Braak & Juggins,
1993) based on the Chinese modern pollen-climate database (Zheng et al., 2014) was used to obtain new
PANN reconstructions. This method has been demonstrated to perform better in comparison with other calibration methods when using pollen data sets for inferring Holocene climatic variability in China as well as
other areas in Eurasia (e.g., Birks et al., 2010; Li, Zhao, et al., 2014; Seppä et al., 2009; Xu et al., 2010).
Reconstructive capacity of the WA-PLS model was tested to be robust after carrying out leave-one-out
cross-validation (Li et al., 2017). Statistical outputs indicative of the WA-PLS model performance were presented in detail by Li et al. (2017). All terrestrial pollen taxa were taken into account for the PANN estimates,
and their percentage values were square-root transformed to reduce the noise and overall variance (Prentice,
1980). The number of terrestrial pollen taxa in Chasuqi and Jingbo is 37 and 52, respectively (Cao et al., 2013;
Chen, Shen, et al., 2015). The two new PANN reconstructions were conducted by utilizing the R package
RIOJA (Juggins, 2012).
In order to integrate a large amount of quantitative data values from all sites, each of the 21 Holocene PANN
estimates was ﬁrst calculated as standard anomalies (or departures) from the modern observed PANN values
at the corresponding site. The arithmetical procedure regarding site composite record was then utilized to
compile and summarize all values of the standardized PANN anomalies with predicted error bars in a concise
and consistent format for easier computation and reporting (e.g., Chen et al., 2008; Zhang et al., 2011). Such a
synthesizing methodology has been successfully applied to yield an array of regional-scale Holocene moisture evolutions in different parts of China (e.g., Ran & Feng, 2013; Zhao et al., 2009). As recommended by earlier studies, the individual PANN series were also normalized with a 200-year interval and were hence
averaged to one composite sequence within the binned time window according to the uniﬁed chronological
order. In this manner, an absolutely quantiﬁed, regional-scale Holocene PANN anomaly (200-year resolution)
relative to a baseline of the modern-day values was ﬁnally produced for northern China.
To examine the numerical relationships between climatic (precipitation and temperature) changes and prehistoric population dynamics in northern China, variation partitioning (Borcard et al., 1992), redundancy analysis (RDA; ter Braak & Smilauer, 2002), and correlation analysis were adopted. The variation partitioning
approach is able to objectively decompose the total variation of paleoecological data sets into independent
components reﬂecting the variation explained by a single climatic variable, joint effects of two or more variables, and the fraction of variation that is not explained by the used variables (e.g., Borcard et al., 1992; Reitalu
et al., 2013). In comparison with the PANN record provided in this study, a regional-scale Holocene anomaly
record (200-year resolution) for annual mean temperature (TANN) in NC was contributed by Hou and Fang
(2012). HP size data sets were extracted from published studies that estimated the summed probability distribution of extensive archeological radiocarbon dates as an effective proxy to reveal prehistoric demographic trends in NC (800-year resolution; Wang et al., 2015) and Chinese Loess Plateau (CLP; 200-year
resolution; Li, An, et al., 2015). Using frequency distributions of archeological radiocarbon ages as a reliable
indicator of prehistoric demography has been based on the widely approved assumption that more population would lead to more production or deposition of cultural carbon, thereby offering more determinations
(e.g., Anderson et al., 2011; Peros et al., 2010). This approach has been broadly applied to reconstruct largescale past demographic changes in different regions of the world (e.g., Kelly et al., 2013; Munoz et al., 2010;
Williams et al., 2008). To quantitatively compare different records, the HP record in NC was interpolated to
have a 200-year resolution, which is same to the temporal resolution of the PANN, TANN, or HP record in
CLP. RDA was carried out to evaluate statistical associations among the records of PANN, TANN, and HP in
both NC and CLP. Monte Carlo permutation tests were run with 999 permutations to evaluate the statistical
signiﬁcance of PANN and TANN. All analyses were performed with the R package VEGAN (Oksanen et al.,
2013). Furthermore, correlation coefﬁcients were calculated between different Holocene climatic and population sequences in this study. In all statistical analyses of this study, all of the four records have a 200-year
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resolution; each of the three records (PANN, TANN, and HP in NC) individually has 56 data points; only one record (HP in CLP) has 43 data points; and
the original uninterpolated record (800-year resolution) of HP in NC has 14
data points.

3. Results and Discussion
In general, the PANN anomaly displays a three-part division of Holocene
precipitation course at a regional scale in NC: a marked wetting of the
early-Holocene between 11,000 and 7,800 cal. yr BP, a moistest interval
of the mid-Holocene from 7,800 to 3,400 cal. yr BP in which PANN was
about 50–100 mm higher than at present, and a stepwise drying of the
late-Holocene after 3,400 cal. yr BP (Figure 2 and Table S2 in the supporting information). The reliability of our Holocene PANN reconstruction can
be validated by comparison with other Holocene hydrological records in
Figure 2. The regionally synthesized PANN record with standardized error
NC. For example, large-scale frequency analyses indicate that a prominent
bars for northern China over the last 11,000 years.
Holocene soil development took place between 8,600 and 3,200 cal. yr BP
in CLP (Figure 3b), suggesting a strong pedogenesis process associated
with a maximum rainfall (Wang et al., 2014). Correspondingly, this is in tune with a minimum occurrence
of loess or eolian-sand deposition during the mid-Holocene (Figure 3c) in the area of summer monsoonal
border in NC (Li, Wu, et al., 2014). Similarly, magnetic susceptibility records that are widely regarded as a
direct proxy for precipitation from loess-soil sections on the CLP, such as the Yaoxian and Yulin proﬁles
(Figures 3d and 3e), reveal a highest degree of precipitation occurring from 8,000 to 4,000 cal. yr BP (Lu et al.,
2013; Xia et al., 2014). A regional-scale climate modeling study also demonstrates that NC was characterized
by a more humid climate in the mid-Holocene (Jin et al., 2013). In summary, all of these Holocene records
embracing an immense geographical area, coherently exhibit a mid-Holocene maximum of moisture or
precipitation in northern China.
Notably, orbital-scale summer insolation has been traditionally to be interpreted as the dominant force
driving the Holocene evolution of monsoon precipitation (e.g., Dykoski et al., 2005; Thomas et al., 2016;

Figure 3. Comparison of (a) regionally compiled PANN record for northern China (NC) with other related Holocene records: (b) probability density of paleosol distribution in Chinese Loess Plateau (CLP; Wang et al., 2014); (c) frequency distribution of loess and eolian sand deposition in NC (Li, Wu, et al., 2014); (d) estimated
rainfall at the Yaoxian loess-paleosol section in CLP (Xia et al., 2014); (e) magnetic susceptibility record from the Yulin loess-paleosol section in CLP (Lu et al., 2013);
(f) sea surface temperature records in northwestern Paciﬁc (NWP) based on the Mg/Ca data of marine core A7 (yellow line; Sun et al., 2005) and the Kiel climate
model simulation (green line; Zhang et al., 2017); (g) regional-scale anomaly record for annual mean temperature in NC (Hou & Fang, 2012); (h) thermal gradient
of sea surface temperature anomaly between the west and east equatorial Paciﬁc (Koutavas & Joanides, 2012); and estimated population size in (i) NC
(Wang et al., 2014) and (j) CLP (Li, An, et al., 2015) during the Holocene.
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Wang, Wu et al., 2008). However, our PANN record reveals that the Holocene peak interval of precipitation in
NC lagged about 4,000 years in timing compared with that of the solar insolation. It is therefore likely that
apart from the solar forcing alone, there exist other internal forcing mechanisms affecting the Holocene precipitation dynamics in NC. In essential, the EASM system is a result of strong pressure gradient between East
Asian continent and Northwest Paciﬁc Ocean, as determined primarily by striking thermal contrast between
warmed landmass and cooled ocean during the monsoon season (e.g., Maher & Hu, 2006; Zhou & Zou, 2010;
Zhou et al., 2011). Quantitative proxy-based reconstructions and model simulations of sea surface temperatures in northwestern Paciﬁc, such as the Mg/Ca-based record from a marine core (Sun et al., 2005) and the
Kiel Climate Model simulated results (Zhang et al., 2017), show a coolest mid-Holocene, but a warming earlyor late-Holocene (Figure 3f), albeit with some possible uncertainties. However, this pattern is inversely
correlated with the temperature anomaly record in northern China (Hou & Fang, 2012), which indicates a
warmest mid-Holocene, but a cooling early- or late-Holocene (Figure 3g). Consequently, the zonal land-ocean
thermal contrast was particularly larger during the mid-Holocene, but relatively smaller during the early- or
late-Holocene (Figure 3). This would have resulted in a strengthened low-pressure system across East Asia,
as well as an intensiﬁed WPSH with its overall position shifting northward in the mid-Holocene. Such a causal
relation can be supported by a short-term reconstruction of the Asian-Paciﬁc Oscillation over the last
millennium (Zhou et al., 2009). Accordingly, stronger southerly winds associated with the intensiﬁed WPSH
would carry more water vapor from northwestern Paciﬁc to northern monsoonal China, thereby leading to
more precipitation in NC during the mid-Holocene.
Furthermore, the strength and location of WPSH are also affected by the thermal contrast between western
and eastern equatorial Paciﬁc Ocean (e.g., Rao et al., 2016; Tan, 2011). The increase of west-east temperature
gradient over equatorial Paciﬁc tends to form a La Niña-like status, possibly causing the northward extension
of WPSH; however, the decrease of west-east Paciﬁc temperature gradient coincides with an El Niño-like
status, as well as the southward movement of WPSH (e.g., Chang et al., 2000; Zhao et al., 2010). The integrated
sea surface temperaturerecords based on many marine sediment cores from both western and eastern
tropical Paciﬁc (Koutavas & Joanides, 2012) display an augmented west-east thermal contrast in the midHolocene, whereas a signiﬁcantly reduced thermal contrast in the early- or late-Holocene (Figure 3h). This
trend is positively correlated with the reconstructed PANN record in this study. Given that the monsoon rain
belt is mainly located in the north side of WPSH, the maximum west-east thermal contrast spanning the
entire equatorial Paciﬁc during the mid-Holocene would have clearly reinforced the intensity of WPSH and
its further northward advancement, therefore bringing more precipitation to northern China in the
same period.
The variation partitioning analysis quantitatively shows that PANN alone explains a much higher proportion
(43%) than TANN (3.2%) and their shared effects (0.8%) in independently accounting for the total variation of
long-term Holocene demographic trends in both NC and CLP (Figure S1 in the supporting information). This
is also supported by results of the RDA and correlation analyses, indicating that PANN is strongly correlated
with the estimated HP in NC (r = 0.737 [or 0.753]; p = 0.003 [or < 0.001]; n = 14 [or 56]) and CLP (r = 0.659;
p = 1.533; n = 43), but TANN is weakly correlated with the HP in NC (r = 0.051 [or 0.291]; p = 0.862 [or
0.029]; n = 14 [or 56]) and CLP (r = 0.235; p = 0.129; n = 43; Figure S2 and Table S3 in the supporting information). It is notable that the results of statistical analyses for the period from 11,000 to 8400 cal. yr BP should be
treated with caution, because there was less number of data points in the HP record of CLP in comparison
with the other three records during this interval (Figure 3). Given that CLP is a part of NC, all statistical analyses
including the variables of PANN, TANN, and HP in NC may roughly reﬂect the overall relationship between
climatic change and human population in northern China as a whole during the Holocene. As shown in
Figure 3, prehistoric human population obtained its highest extent at circa 6,000–3,000 cal. yr BP in both
NC and CLP, coinciding closely with the maximum degree of positive PANN anomalies in this interval.
However, overall TANN values in NC reached to their maxima at 9,000–6,000 cal. yr BP, corresponding to comparatively lower PANN as well as population (Figure 3). Of special note, between 7,400 and 6,000 cal. yr BP,
both precipitation and rainfall appeared to be high, but human population was relatively lower and did
not immediately increase, indicating that human occupation might take time to respond to precipitation
changes. The possible reason is that this interval was identiﬁed as a transitional period for human subsistence
strategy altering from hunter-gatherer economy to millet-based agriculture in NC, with fairly lower food
productivity incapable of feeding a large human population (e.g., Barton et al., 2009; Li, An, et al., 2015;
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Zhao, 2011). Subsequently, the permanent and intensive agriculture was well established in NC during about
6,000–3,000 cal. yr BP, as clearly evidenced by the most signiﬁcant increases in sites of crop seeds, storage
and agricultural tools, and introduction and spread of foxtail millet, wheat, and rice cultivations (e.g., Fuller
et al., 2009; Li et al., 2007; Lu et al., 2009; Ruddiman et al., 2008; Yu et al., 2012). As a result, the internal factors
in regard to social and agricultural developments facilitated the greatest population expansion at circa 6,000–
3,000 cal. yr BP in NC. As for the external factors with respect to signiﬁcant climatic inﬂuence, this prosperous
peopling can be attributed mainly to a maximal water supply vitally important for dryland farming with
sufﬁcient PANN about 75–150 mm higher than at present and to a lesser extent a relatively warm climate
with TANN about 0–2 °C higher relative to the present, thus all together providing a favorable condition
for substantial crop yield and rapid population increase across northern China.

4. Conclusions
In this study, we contribute the ﬁrst systematically compiled anomaly record for the Holocene precipitation
relative to the modern-day values covering the northern domain of monsoonal China, based on an extensive
network of 21 pollen-inferred PANN reconstructions. The regionally synthesized record in NC illustrates that
PANN increased by approximately 50 mm between 11,000 and 7,800 cal. yr BP, acquired the maximum values
from 7,800 to 3,400 cal. yr BP in which PANN was about 50–100 mm higher than at present, and decreased to
the modern degrees after 3,400 cal. yr BP.
The pollen-based Holocene PANN sequence has been demonstrated to be robust and reliable as a representative for NC by an extensive comparison with other proxy-based independent or synthesized records with
regard to the Holocene moisture changes from the same geographical region. The marked precipitation
variations in NC during the Holocene may be essentially linked to the changing zonal thermal contrasts of
land-ocean and west-east equatorial Paciﬁc, likely affecting the strength and location of WPSH that might
primarily modulate the EASM intensity as well as the monsoonal rainfall extent in northern China.
The variation partitioning analysis ﬁrst reveals that at a large-scale PANN may be more important than TANN
in independently accounting for the general variation of HP ﬂuctuations in northern China. It is noteworthy
that more regional-scale quantitative proxy-based reconstructions or transient model simulations are needed
to evaluate the Holocene precipitation anomalies in other regions of China and to further test the relative
importance of numerical paleoclimatic variations on the long-term demographic changes at different
spatial-temporal scales.
Acknowledgments
This work was funded by projects from
the State Key Laboratory of Loess and
Quaternary Geology in the Institute of
Earth Environment of the Chinese
Academy of Sciences (Y652001589 and
Y651031589), the West Light
Foundation of the Chinese Academy of
Sciences (XAB2016B01), the National
Natural Science Foundation of China
(NSFC 41801090, 41877399, 41522305,
and 41403018), and other projects from
the Chinese Academy of Sciences
(QYZDB-SSW-DQC001 and
132B61KYSB20160003), and the
Qingdao National Laboratory for Marine
Science and Technology of China
(QNLM2016ORP0202). This study is a
part of the “Belt & Road” project of the
Institute of Earth Environment of the
Chinese Academy of Sciences. We are
grateful to three anonymous reviewers
for their helpful comments that greatly
improved this manuscript. The regionally synthesized data set for Holocene
PANN anomalies supporting the conclusions in this study can be obtained in
the supporting information. The other
data used are from the cited references.

LI ET AL.

References
An, C., Wang, L., Ji, D., Chen, F. H., & Wang, P. (2006). The temporal and spatial changes of Neolithic cultures in Gansu-Qinghai region and
possible environmental forcing (in Chinese with English abstract). Quaternary Sciences, 26(6), 923–927. https://doi.org/10.3321/j.issn:10017410.2006.06.006
An, C. B., Tang, L., Barton, L., & Chen, F. H. (2005). Climate change and cultural response around 4000 cal yr B.P. in the western part of Chinese
Loess Plateau. Quaternary Research, 63(03), 347–352. https://doi.org/10.1016/j.yqres.2005.02.004
Anderson, D. G., Goodyear, A. C., Kennett, J., & West, A. (2011). Multiple lines of evidence for possible human population decline/settlement
reorganization during the early Younger Dryas. Quaternary International, 242(2), 570–583. https://doi.org/10.1016/j.quaint.2011.04.020
Barton, L., Newsome, S. D., Chen, F. H., Wang, H., Guilderson, T. P., & Bettinger, R. L. (2009). Agricultural origins and the isotopic identity of
domestication in northern China. Proceedings of the National Academy of Sciences of the United States of America, 106, 5523–5528.
https://doi.org/10.1073/pnas.0809960106
Birks, H. J. B., Heiri, O., Seppä, H., & Bjune, A. E. (2010). Strengths and weaknesses of quantitative climate reconstructions based on lateQuaternary biological proxies. Open Ecology Journal, 3, 68–110.
Blaauw, M. (2010). Methods and code for ‘classical’ age-modelling of radiocarbon sequences. Quaternary Geochronology, 5(5), 512–518.
https://doi.org/10.1016/j.quageo.2010.01.002
Borcard, D., Legendre, P., & Drapeau, P. (1992). Partialling out the spatial component of ecological variation. Ecology, 73(3), 1045–1055.
https://doi.org/10.2307/1940179
Braconnot, P., Harrison, S. P., Kageyama, M., Bartlein, P. J., Massondelmotte, V., Abe-ouchi, A., et al. (2012). Evaluation of climate models using
palaeoclimatic data. Nature Climate Change, 2(6), 417–424. https://doi.org/10.1038/NCLIMATE1456
Buchanan, B., Collard, M., & Edinborough, K. (2008). Paleoindian demography and the extraterrestrial impact hypothesis. Proceedings of the
National Academy of Sciences of the United States of America, 105, 11,651–11,654. https://doi.org/10.1073/pnas.0803762105
Caley, T., Roche, D. M., & Renssen, H. (2014). Orbital Asian summer monsoon dynamics revealed using an isotope-enabled global climate
model. Nature Communications, 5(1), 5371–5371. https://doi.org/10.1038/ncomms6371
Cao, X. Y., Herzschuh, U., Telford, R. J., & Ni, J. (2014). A modern pollen–climate dataset from China and Mongolia: Assessing its potential for
climate reconstruction. Review of Palaeobotany and Palynology, 211, 87–96. https://doi.org/10.1016/j.revpalbo.2014.08.007
Cao, X. Y., Ni, J., Herzschuh, U., Wang, Y. B., & Zhao, Y. (2013). A late Quaternary pollen dataset from eastern continental Asia for vegetation
and climate reconstructions: Set up and evaluation. Review of Palaeobotany and Palynology, 194, 21–37. https://doi.org/10.1016/j.
revpalbo.2013.02.003

12,483

Geophysical Research Letters

10.1029/2018GL078873

Chang, C. P., Zhang, Y., & Li, T. (2000). Interannual and interdecadal variations of the East Asian summer monsoon and tropical Pacifc SSTs.
Part I: Roles of the subtropical ridge. Journal of Climate, 13(24), 4310–4325. https://doi.org/10.1175/1520-0442(2000)013<4310:
IAIVOT>2.0.CO;2
Chen, F. H., Chen, X. M., Chen, J. H., Zhou, A. F., Wu, D., Tang, L. Y., et al. (2014). Holocene vegetation history, precipitation change and Indian
summer monsoon evolution documented by Xingyun Lake, Southwest China. Journal of Quaternary Science, 29(7), 661–674. https://doi.
org/10.1002/jqs.2735
Chen, F. H., Xu, Q. H., Chen, J. H., Birks, H. J. B., Liu, J. B., Zhang, S. R., et al. (2015). East Asian summer monsoon precipitation variability since the
last deglaciation. Scientiﬁc Reports, 5(1), 11186. https://doi.org/10.1038/srep11186
Chen, F. H., Yu, Z. C., Yang, M. L., Ito, E., Wang, S. M., Madsen, D. B., et al. (2008). Holocene moisture evolution in arid central Asia and its out-ofphase relationship with Asian monsoon history. Quaternary Science Reviews, 27(3-4), 351–364. https://doi.org/10.1016/j.quascirev.2007.10.017
Chen, R., Shen, J., Li, C., Zhang, E., Sun, W., & Ji, M. (2015). Mid- to late-Holocene East Asian summer monsoon variability recorded in lacustrine
sediments from Jingpo Lake, northeastern China. The Holocene, 25(3), 454–468. https://doi.org/10.1177/0959683614561888
Dallmeyer, A., Claussen, M., Wang, Y., & Herzschuh, U. (2013). Spatial variability of Holocene changes in the annual precipitation pattern: A
model-data synthesis for the Asian monsoon region. Climate Dynamics, 40(11-12), 2919–2936. https://doi.org/10.1007/s00382-012-1550-6
Ding, Y. H. (1994). Monsoons over China. Advances in Atmospheric Sciences, 11(2), 252. https://doi.org/10.1007/BF02666553
Domrös, M., & Peng, G. (1988). The climate of China. Berlin: Springer Verlag. https://doi.org/10.1007/978-3-642-73333-8
Dykoski, C. A., Edwards, R. L., Cheng, H., Yuan, D. X., Cai, Y. J., Zhang, M. L., et al. (2005). A high-resolution, absolute-dated Holocene and
deglacial Asian monsoon record from Dongge Cave, China. Earth and Planetary Science, 233(1-2), 71–86. https://doi.org/10.1016/j.
epsl.2005.01.036
Fuller, D. Q., Qin, L., Zheng, Y., Zhao, Z., Chen, X., Hosoya, L. A., et al. (2009). The domestication process and domestication rate in rice: Spikelet
bases from the lower Yangtze. Science, 323(5921), 1607–1610. https://doi.org/10.1126/science.1166605
Ge, Q. S., Zhang, J. Y., Hao, Z. X., & Liu, H. L. (2012). General characteristics of climate changes during the past 2000 years in China. Science
China Earth Sciences, 56(2), 321–329. https://doi.org/10.1007/s11430-012-4370-y
Hou, G. L., & Fang, X. Q. (2012). Characteristics analysis and synthetical reconstruction of regional temperature series of the Holocene in China
(in Chinese with English abstract). Journal of Palaeogeography, 14, 243–252. https://doi.org/10.7605/gdlxb.2012.02.011
Hou, J., Huang, Y., Zhao, J., Liu, Z., Colman, S., & An, Z. (2016). Large Holocene summer temperature oscillations and impact on the peopling of
the northeastern Tibetan plateau. Geophysical Research Letters, 43, 1323–1330. https://doi.org/10.1002/2015GL067317
Hou, X. (2001). Vegetation Atlas of China. Beijing: Science Press.
Jiang, W. Y., Guo, Z. T., Sun, X. J., Wu, H. B., Chu, G. Q., Yuan, B. Y., et al. (2006). Reconstruction of climate and vegetation changes of Lake
Bayanchagan (Inner Mongolia): Holocene variability of the East Asian monsoon. Quaternary Research, 65(03), 411–420. https://doi.org/
10.1016/j.yqres.2005.10.007
Jin, L. Y., Schneider, B., Park, W., Latif, M., Khon, V., & Zhang, X. J. (2013). The spatial–temporal patterns of Asian summer monsoon precipitation in response to Holocene insolation change: A model-data synthesis. Quaternary Science Reviews, 85, 47–62. https://doi.org/10.1016/
j.quascirev.2013.11.004
Juggins, S. (2012). Rioja: Analysis of Quaternary science data, Version 0.7–3. Retrieved from http://cran.rproject.org/web/packages/rioja/
index.html
Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., et al. (1996). The NCEP/NCAR 40-year reanalysis project. Bulletin of the
American Meteorological Society, 77(3), 437–471. https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
Kaufman, D. S., Ager, T. A., Anderson, N. J., Anderson, P. M., Andrews, T., Bartlein, P. J., et al. (2004). Holocene thermal maximum in the western
Arctic (0–180°W). Quaternary Science Reviews, 23(5-6), 529–560. https://doi.org/10.1016/j.quascirev.2003.09.007
Kelly, R. L., Surovell, T. A., Shuman, B. N., & Smith, G. M. (2013). A continuous climatic impact on Holocene human population in the Rocky
Mountains. Proceedings of the National Academy of Sciences of the United States of America, 110, 443–447. https://doi.org/10.1073/
pnas.1201341110
Koutavas, A., & Joanides, S. (2012). El Niño–Southern Oscillation extrema in the Holocene and Last Glacial Maximum. Paleoceanography, 27,
PA4208. https://doi.org/10.1029/2012PA002378
Li, H., An, C., Fan, W., Dong, W., Zhao, Y., & Wang, H. (2015). Population history and its relationship with climate change on the Chinese loess
plateau during the past 10,000 years. The Holocene, 25(7), 1144–1152. https://doi.org/10.1177/0959683615580200
Li, J., Dodson, J., Yan, H., Zhang, D. D., Zhang, X., Xu, Q., et al. (2017). Quantifying climatic variability in monsoonal northern China over the last
2200 years and its role in driving Chinese dynastic changes. Quaternary Science Reviews, 159, 35–46. https://doi.org/10.1016/j.
quascirev.2017.01.009
Li, J. Y., Xu, Q. H., Zhuo, Z., Lu, H. Y., Luo, Y. L., Li, Y. C., et al. (2015). Assessing the importance of climate variables for the spatial distribution of
modern pollen data in China. Quaternary Research, 83(02), 287–297. https://doi.org/10.1016/j.yqres.2014.12.002
Li, J. Y., Zhao, Y., Xu, Q. H., Zheng, Z., Lu, H. Y., Luo, Y. L., et al. (2014). Human inﬂuence as a potential source of bias in pollen-based quantitative climate reconstructions. Quaternary Science Reviews, 99, 112–121. https://doi.org/10.1016/j.quascirev.2014.06.005
Li, Q., Wu, H., Yu, Y., Sun, A., Markovic, S. B., & Guo, Z. (2014). Reconstructed moisture evolution of the deserts in northern China since the Last
Glacial Maximum and its implications for the East Asian summer monsoon. Global and Planetary Change, 121, 101–112. https://doi.org/
10.1016/j.gloplacha.2014.07.009
Li, X. Q., Zhou, X. Y., Zhou, J., Dodson, J., Zhang, H. B., & Shang, X. (2007). The earliest archaeobiological evidence of the broadening agriculture in China recorded at Xishanping site in Gansu province. Science China Earth Sciences, 50(11), 1707–1714. https://doi.org/10.1007/
s11430-007-0066-0
Liu, J. B., Chen, J. H., Zhang, X. J., Li, Y., Rao, Z. G., & Chen, F. H. (2015). Holocene East Asian summer monsoon records in northern China and their
18
inconsistency with Chinese stalagmite δ O records. Earth-Science Reviews, 148, 194–208. https://doi.org/10.1016/j.earscirev.2015.06.004
Liu, Z. Y., Wen, X. Y., Brady, E. C., Otto-Bliesner, B., Yu, G., Lu, H. Y., et al. (2014). Chinese cave records and the East Asia summer monsoon.
Quaternary Science Reviews, 83, 115–128. https://doi.org/10.1016/j.quascirev.2013.10.021
Lu, H., Zhang, J., Liu, K. B., Wu, N., Li, Y., Zhou, K., et al. (2009). Earliest domestication of common millet (Panicum Miliaceum) in East Asia
extended to 10,000 years ago. Proceedings of the National Academy of Sciences of the United States of America, 106(18), 7367–7372. https://
doi.org/10.1073/pnas.0900158106
Lu, H. Y., Yi, S. W., Liu, Z. Y., Mason, J. A., Jiang, D. B., Cheng, J., et al. (2013). Variation of East Asian monsoon precipitation during the past 21 ky
2
and potential CO forcing. Geology, 41(9), 1023–1026. https://doi.org/10.1130/g34488.1
Luo, C. X., Zheng, Z., Tarasov, P., Nakagawa, T., Pan, A. D., Xu, Q. H., et al. (2010). A potential of pollen-based climate reconstruction using a
modern pollen–climate dataset from arid northern and western China. Review of Palaeobotany and Palynology, 160(3-4), 111–125. https://
doi.org/10.1016/j.revpalbo.2010.01.003

LI ET AL.

12,484

Geophysical Research Letters

10.1029/2018GL078873

Maher, B. A., & Hu, M. (2006). A high-resolution record of Holocene rainfall variations from the western Chinese Loess Plateau: Antiphase
behaviour of the African/Indian and East Asian summer monsoons. The Holocene, 16(3), 309–319. https://doi.org/10.1191/
0959683606hl929rp
Marcott, S. A., Shakun, J. D., Clark, P. U., & Mix, A. C. (2013). A reconstruction of regional and global temperature for the past 11,300 years.
Science, 339(6124), 1198–1201. https://doi.org/10.1126/science.1228026
Marsicek, J., Shuman, B. N., Bartlein, P. J., Shafer, S. L., & Brewer, S. (2018). Reconciling divergent trends and millennial variations in Holocene
temperatures. Nature, 554(7690), 92–96. https://doi.org/10.1038/nature25464
Munoz, S. E., Gajewski, K., & Peros, M. C. (2010). Synchronous environmental and cultural change in the prehistory of the northeastern United
States. Proceedings of the National Academy of Sciences of the United States of America, 107, 22,008–22,013. https://doi.org/10.1073/
pnas.1005764107
New, M., Lister, D., Hulme, M., & Makin, I. (2002). A high-resolution data set of surface climate over global land areas. Climate Research, 21,
1–25. https://doi.org/10.3354/cr021001
Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B., et al. (2013). Vegan: Community Ecology Package. Retrieved
from http://CRAN.R-project.org/package¼vegan
Pang, J. L., & Huang, C. C. (2003). A discussion on the relationship between environment change and the Neolithic culture Guanzhong area,
China (in Chinese with English abstracts). Scientia Geographica Sinica, 23(4), 448–453.
Peros, M. C., Munoz, S. E., Gajewski, K., & Viau, A. E. (2010). Prehistoric demography of North America inferred from radiocarbon data. Journal
of Archaeological Science, 37(3), 656–664. https://doi.org/10.1016/j.jas.2009.10.029
Prentice, I. C. (1980). Multidimensional scaling as a research tool in Quaternary palynology: A review of theory and methods. Review of
Palaeobotany and Palynology, 31, 71–104. https://doi.org/10.1016/0034-6667(80)90023-8
R Development Core Team (2012). R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing.
Ran, M., & Feng, Z. (2013). Holocene moisture variations across China and driving mechanisms: A synthesis of climatic records. Quaternary
International, 313-314, 179–193. https://doi.org/10.1016/j.quaint.2013.09.034
18
Rao, Z., Li, Y., Zhang, J., Jia, G., & Chen, F. (2016). Investigating the long-term palaeoclimatic controls on the δD and δ O of precipitation
during the Holocene in the Indian and east Asian monsoonal regions. Earth-Science Reviews, 159, 292–305. https://doi.org/10.1016/j.
earscirev.2016.06.007
Reimer, P. J., Bard, E., Bayliss, A., Beck, J. W., Blackwell, P. G., Ramsey, B. C., et al. (2013). IntCal13 and Marine13 radiocarbon age calibration
curves 0–50,000 years cal BP. Radiocarbon, 55(04), 1869–1887. https://doi.org/10.2458/azu_js_rc.55.16947
Reitalu, T., Seppä, H., Sugita, S., Kangur, M., Koff, T., Avel, E., et al. (2013). Long-term drivers of forest composition in a boreonemoral region:
The relative importance of climate and human impact. Journal of Biogeography, 40(8), 1524–1534. https://doi.org/10.1111/jbi.12092
Renssen, H., Seppä, H., Heiri, O., Roche, D. M., Gausse, H., & Fichefet, T. (2009). The spatial and temporal complexity of the Holocene thermal
maximum. Nature Geoscience, 2(6), 411–414. https://doi.org/10.1038/ngeo513
Ruddiman, W. F., Guo, Z., Zhou, X., Wu, H., & Yu, Y. (2008). Early rice farming and anomalous methane trends. Quaternary Science Reviews,
27(13-14), 1291–1295. https://doi.org/10.1016/j.quascirev.2008.03.007
Seppä, H., Birks, H. J. B., Odland, A., Poska, A., & Veski, S. (2004). A modern pollen–climate calibration set from northern Europe: Developing
and testing a tool for palaeoclimatological reconstructions. Journal of Biogeography, 31(2), 251–267. https://doi.org/10.1111/j.13652699.2004.00923.x
Seppä, H., Bjune, A. E., Telford, R. J., Birks, H. J. B., & Veski, S. (2009). Last nine thousand years of temperature variability in northern Europe.
Climate of the Past, 5(3), 523–535. https://doi.org/10.5194/cp-5-523-2009
Shennan, S., Downey, S. S., Timpson, A., Edinborough, K., Colledge, S., Kerig, T., et al. (2013). Regional population collapse followed initial
agriculture booms in mid-Holocene Europe. Nature Communications, 4(1), 2486. https://doi.org/10.1038/ncomms3486
Stebich, M., Rehfeld, K., Schlütz, F., Tarasov, P. E., Liu, J., & Mingram, J. (2015). Holocene vegetation and climate dynamics of NE China based
on the pollen record from Sihailongwan Maar Lake. Quaternary Science Reviews, 124, 275–289. https://doi.org/10.1016/j.
quascirev.2015.07.021
Sun, A. Z., & Feng, Z. D. (2013). Holocene climatic reconstructions from the fossil pollen record at Qigai Nuur in the southern Mongolian
Plateau. The Holocene, 23(10), 1391–1402. https://doi.org/10.1177/0959683613489581
Sun, Y., Oppo, D. W., Xiang, R., Liu, W., & Gao, S. (2005). Last deglaciation in the Okinawa Trough: Subtropical northwest Pacifc link to Northern
Hemisphere and tropical climate. Paleoceanography, 20, PA4005. https://doi.org/10.1029/2004PA001061
18
Tan, M. (2011). Trade-wind driven inverse coupling between stalagmite δ O from monsoon region of China and large scale temperaturecirculation effect on decadal to precessional timescales (in Chinese with English abstracts). Quaternary Science, 31, 1086–1097. https://doi.
org/10.3969/j.issn.1001-7410.2011.06.16
ter Braak, C. J. F., & Juggins, S. (1993). Weighted averaging partial least squares regression (WA-PLS): An improved method for reconstructing
environmental variables from species assemblages. Hydrobiologia, 269-270(1), 485–502. https://doi.org/10.1007/BF00028046
ter Braak, C. J. F., & Smilauer, P. (2002). CANOCO reference manual and Canodraw for Windows user’s guide: Software for Canonical Community
Ordination (Version 4.5). Ithaca, New York: Microcomputer Power.
Thomas, E. K., Huang, Y. S., Clemens, S. C., Colman, S. M., Morrill, C., Wegener, P., et al. (2016). Changes in dominant moisture sources and the
consequences for hydroclimate on the northeastern Tibetan Plateau during the past 32 kyr. Quaternary Science Reviews, 131, 157–167.
https://doi.org/10.1016/j.quascirev.2015.11.003
Tian, F., Cao, X., Dallmeyer, A., Ni, J., Zhao, Y., Wang, Y., et al. (2016). Quantitative woody cover reconstructions from eastern continental Asia of
the last 22 kyr reveal strong regional peculiarities. Quaternary Science Reviews, 137, 33–44. https://doi.org/10.1016/j.quascirev.2016.02.001
Wang, B., Wu, Z., Li, J., Liu, J., Chang, C. P., Ding, Y., et al. (2008). How to measure the strength of the East Asian summer monsoon? Journal of
Climate, 21, 4449–4463. https://doi.org/10.1175/2008JCLI2183.1
Wang, C., Lu, H., Zhang, J., Gu, Z., & He, K. (2015). Prehistoric demographic ﬂuctuations in China inferred from radiocarbon data and their
linkage with climate change over the past 50,000 years. Quaternary Science Reviews, 98, 45–59. https://doi.org/10.1016/j.
quascirev.2014.05.015
Wang, H., Chen, J., Zhang, X., & Chen, F. (2014). Palaeosol development in the Chinese Loess Plateau as an indicator of the strength of the East
Asian summer monsoon: Evidence for a mid-Holocene maximum. Quaternary International, 334-335, 155–164. https://doi.org/10.1016/j.
quaint.2014.03.013
Wang, Y. J., Cheng, H., Edwards, R. L., Kong, X. G., Shao, X. H., Chen, S. T., et al. (2008). Millennial- and orbital-scale changes in the East Asian
monsoon over the past 224,000 years. Nature, 451(7182), 1090–1093. https://doi.org/10.1038/nature06692
Wang, Y. J., Cheng, H., Edwards, R. L., Wu, J. Y., Shen, C. C., & Dorale, J. A. (2001). A high-resolution absolute-dated Late Pleistocene monsoon
record from Hulu Cave, China. Science, 294(5550), 2345–2348. https://doi.org/10.1126/science.1064618

LI ET AL.

12,485

Geophysical Research Letters

10.1029/2018GL078873

Wanner, H., Beer, J., Butikofer, J., Crowley, T. J., Cubasch, U., Fluckiger, J., et al. (2008). Mid- to Late Holocene climate change: An overview.
Quaternary Science Reviews, 27(19-20), 1791–1828. https://doi.org/10.1016/j.quascirev.2008.06.013
Williams, A. N., Santoro, C. M., Smith, M. A., & Latorre, C. (2008). The impact of ENSO in the Atacama desert and Australian arid zone:
Exploratory time-series analysis of archaeological records. Chungara Revista De Antropología Chilena, 40, 245–259.
Xia, D. S., Jia, J. J., Li, G. H., Zhao, S., Wei, H. T., & Chen, F. H. (2014). Out-of-phase evolution between summer and winter East Asian monsoons
during the Holocene as recorded by Chinese loess deposits. Quaternary Research, 81(03), 500–507. https://doi.org/10.1016/j.
yqres.2013.11.002
Xu, Q. H., Xiao, J. L., Li, Y. C., Tian, F., & Nakagawa, T. (2010). Pollen-based quantitative reconstruction of Holocene climate changes in the
Daihai Lake area, Inner Mongolia, China. Journal of Climate, 23(11), 2856–2868. https://doi.org/10.1175/2009JCLI3155.1
Xu, Q. H., Zhang, S. R., Gaillard, M. J., Li, M. Y., Cao, X. Y., & Tian, F. (2016). Studies of modern pollen assemblages for pollen dispersaldeposition-preservation process understanding and for pollen-based reconstructions of past vegetation, climate, and human impact: A
review based on case studies in China. Quaternary Science Reviews, 149, 151–166. https://doi.org/10.1016/j.quascirev.2016.07.017
Yu, Y., Guo, Z., Wu, H., & Finke, P. A. (2012). Reconstructing prehistoric land use change from archeological data: Validation and application of
a new model in Yiluo valley, northern China. Agriculture, Ecosystems & Environment, 156(6), 99–107. https://doi.org/10.1016/j.
agee.2012.05.013
Zhang, J. W., Chen, F. H., Holmes, J. A., Li, H., Guo, X. Y., Wang, J. L., et al. (2011). Holocene monsoon climate documented by oxygen and
carbon isotopes from lake sediments and peat bogs in China: A review and synthesis. Quaternary Science Reviews, 30(15-16), 1973–1987.
https://doi.org/10.1016/j.quascirev.2011.04.023
Zhang, P., Cheng, H., Edwards, R. L., Chen, F., Wang, Y., Yang, X., et al. (2008). A test of climate, Sun, and culture relationships from an 1810year Chinese cave record. Science, 322(5903), 940–942. https://doi.org/10.1126/science.1163965
Zhang, X., Jin, L., Chen, J., Lu, H., & Chen, F. (2017). Lagged response of summer precipitation to insolation forcing on the northeastern
Tibetan plateau during the Holocene. Climate Dynamics, 50(9-10), 3117–3129. https://doi.org/10.1007/s00382-017-3784-9
Zhao, P., Yang, S., & Yu, R. (2010). Long-term changes in rainfall over eastern China and large-scale atmospheric circulation associated with
recent global warming. Journal of Climate, 23(6), 1544–1562. https://doi.org/10.1175/2009JCLI2660.1
Zhao, P., & Zhou, Z. J. (2009). An East Asian subtropical summer monsoon index and its relationship to summer rainfall in China. Journal of
Meteorological Research, 23, 18–28.
Zhao, Y., Yu, Z. C., Chen, F. H., Zhang, J. W., & Yang, B. (2009). Vegetation response to Holocene climate change in monsoon-inﬂuenced region
of China. Earth-Science Reviews, 97(1-4), 242–256. https://doi.org/10.1016/j.earscirev.2009.10.007
Zhao, Z. J. (2011). New archaeobotanic data for the study of the origins of agriculture in China. Current Anthropology, 52(S4), S295–S306.
https://doi.org/10.1086/659308
Zheng, Z., Wei, J. H., Huang, K. Y., Xu, Q. H., Lu, H. Y., Tarasov, P., et al. (2014). East Asian pollen database: Modern pollen distribution and its
quantitative relationship with vegetation and climate. Journal of Biogeography, 41(10), 1819–1832. https://doi.org/10.1111/jbi.12361
Zhou, T. J., Gong, D. Y., Li, J., & Li, B. (2009). Detecting and understanding the multi-decadal variability of the East Asian summer monsoon—
Recent progress and state of affairs. Meteorologische Zeitschrift, 18(4), 455–467. https://doi.org/10.1127/0941-2948/2009/0396
Zhou, T. J., & Zou, L. W. (2010). Understanding the predictability of East Asian summer monsoon from the reproduction of land-sea thermal
contrast change in AMIP-type simulation. Journal of Climate, 23(22), 6009–6026. https://doi.org/10.1175/2010JCLI3546.1
Zhou, X. J., Zhao, P., Liu, G., & Zhou, T. J. (2011). Characteristics of decadal-centennial-scale changes in East Asian summer monsoon circulation and precipitation during the Medieval Warm Period and Little Ice Age and in the present day. Chinese Science Bulletin, 56(28-29),
3003–3011. https://doi.org/10.1007/s11434-011-4651-4

LI ET AL.

12,486

